adaptive immune inflammation in allergic diseases by oxidatively induced DNA base lesions.
| INTRODUCTION
Exposure of the airway epithelial cells to ragweed pollen extract (RWPE) induces intracellular reactive oxygen species (ROS).
1 ROS generated in cells induce a plethora of DNA base lesions. 2 Maintaining the genomic integrity in the face of assault by oxidative stress is a constant challenge for living organisms. 3 The DNA base excision repair (BER) pathways are the primary pathways that excise these oxidatively induced DNA base lesions. 2 BER is generally thought to play an important role in preventing mutations associated with 7,8-dihydro-8-oxoguanine (8-OH-Gua). 3 However, we discovered a new role of BER in allergen-induced innate and allergic lung inflammation. RWPE challenge in sensitized mice activates DNA repair enzyme 8-oxoguanine DNA glycosylase-1 (OGG1)-mediated excision of 8-OH-Gua from the genome of airway epithelial cells. 4 The free base recombines with OGG1, initiating OGG1-Ras-GTPase-mediated activation of NF-κB, which drives mRNA transcriptome responses and allergic airway inflammation. [4] [5] [6] This earlier work [4] [5] [6] suggests that allergenic extracts likely excise a set of DNA base lesions that facilitate innate/allergic lung inflammation. A major objective of this manuscript was to utilize a unique GC-MS/MS technology to identify this set of DNA base lesions that are modulated in the lung genome after exposure to an allergenic extract.
Innate neutrophil recruitment is a hallmark of an innate immune response. 7 Neutrophil recruitment to the skin facilitates the induction of OVA-induced allergic skin inflammation. 8 We reported that RWPE stimulates Toll-like receptor 4 (TLR4) and myeloid differentiation protein-2 (MD2)-dependent NF-κB activation mediated recruitment of ROS-generating neutrophils to the lungs. 9, 10 Repeated challenge with RWPE shifts the immune response to a TLR4-dependent allergic inflammation. 9 Adoptive transfer of purified neutrophils together with RWPE reconstitutes allergic inflammation in Tlr4KO mice. 9 These studies highlight the contribution of innately recruited neutrophils to allergic inflammation. Recently, we reported that TLR4 as an innate receptor involved in pollen and cat dander-induced oxidative stress and DNA damage in airways. 11 Based on these studies, here we hypothesized that stimulation of a conserved innate receptor/adaptor pathway by allergenic extracts induces innate neutrophilic inflammation that excises a set of oxidatively induced DNA base lesions from the genome, and these free bases in turn further stimulate innate/allergic lung inflammation.
To test this hypothesis while ascertaining that the base excision properties are not limited to unique properties of RWPE, 1 it was important to perform the studies with an allergenic extract that is linked to human disease and yet is quite distinct from RWPE. 1 Largescale epidemiological studies have identified cat dander as one of the most common indoor allergens that induce allergic sensitization and disease, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and as a risk factor for prevalence, severity, and hospitalization from asthma. [23] [24] [25] [26] Being an animal extract, cat dander extract 
| Allergenic extracts
Lyophilized CDE (lot# 253320) was purchased from Greer Labs (Lenoir, NC). All allergenic extracts had less than 0.1 pg endotoxin/ 1 μg protein using LAL chromogenic endotoxin quantitation kit (Thermo Scientific, Hudson, NH).
| Animal study protocols
Mice were anesthetized with low dose intraperitoneal xylazine and ketamine for intranasal challenge or sensitization and sacrificed by lethal overdose of intraperitoneal xylazine and ketamine. | 1677 uracil (Ura), cytosine (Cyt), 5-hydroxyuracil (5-OH-Ura), or 5-hydroxycytosine (5-OH-Cyt) (60 μL of 1 μmol/L solution) 5 and sacrificed 2 or 16 hours post challenge ( Figure S1A ). In some experiments, 2 hours before CDE challenge, WT mice were treated with intraperitoneal 1 mg of the MyD88 inhibitor T6167923 (Aobious, Gloucester, MA), 27 challenged with CDE (100 μg/60 μL), and sacrificed ( Figure S1B ).
| Multiple-challenge model
WT or Myd88KO mice were sensitized by five intranasal doses of CDE (100 μg/60 μL) on days 0, 1, 2, 3, and 4, then challenged intranasally with PBS or CDE on day 11 and sacrificed after 2, 4, 16, or 72 hours post-challenge. 9, 10 In some experiments, WT mice were challenged with five intranasal low doses of CDE (1 μg/60 μL) with or without 5-OH-Cyt on days 0, 1, 2, 3, 4, and, 11 and sacrificed after 72 hours post-challenge ( Figure S1C ).
| Processing of BALF and lung samples
Bronchoalveolar lavage fluid (BALF) and lung samples for biochemical and histological examinations were taken as previously described. 
| Epithelial Mucin Score
Two investigators who were blinded to the treatment groups assessed mucin production using a minor modification of a method reported 9,10 on a subjective scale of 0, 1, 2, 3, and 4 corresponding to none, mild, moderate, marked, or severe mucin deposition, respectively. The data were expressed as mean of score recorded by two blinded investigators.
| Measurement of CDE-specific IgE in serum
Ninety-six-well plates were coated with 100 μg/mL of cat dander protein overnight at room temperature and blocked for 2 hours with sea block buffer. Plate was applied with serum from mice overnight at room temperature. After washing, biotin-conjugated rat anti- respectively. GC-MS/MS conditions were as described previously. Valencia, CA) using SYBR Green Kit (Qiagen, Valencia, CA). Primer sequences for Hprt, Cxcl1, and Cxcl2 were as described. 9 Primer sequences for Il1b and Icam1 were as follows: mouse Il1b, forward:
5′-CTCTTGTTGATGTGCTGCTG-3′, reverse, 5′-GACCTGTTCTTTG AAGTTGACG-3′; mouse Icam1, forward, 5′-GGTCCTTGCCTACTT GCTG-3′, reverse, 5′-CTGTGCTTTGAGAACTGTGG-3′.
These primers were purchased from Integrated DNA Technologies (Coralville, IA).
| Hierarchical cluster and PANTHER analyses
Hierarchical clusters were constructed with Morpheus (https://sof tware.broadinstitute.org/morpheus/). In the hierarchical clustering analysis ( 
| Statistical analysis
The results of this study are presented as mean of measurements of independent samples in a treatment group, and the uncertainties are expressed as standard deviations, Std. Comparisons of two groups were done by unpaired t test, and multiple comparisons by ANOVA. We utilized the software package GraphPad Prism 6 (GraphPad Software, San Diego, CA) to perform analysis of variance followed by the statistically stringent rigid Bonferroni-Dunn posthoc analysis. All statistical analyses considered data significant at P < 0.05. The degrees of significant P values are designated with the following asterisk: *=P < 0.05, **=P < 0.01, ***=P < 0.001, and ****=P < 0.0001.
| RESULTS

| A single challenge with cat dander extract induces Myd88-dependent innate inflammation and oxidative stress
Because RWPE induces the TLR4/MD2-dependent CXCL chemokine pathway that almost entirely mediates innate neutrophil recruitment and allergic inflammation, 9,10 we initially examined the contribution of TLR4 in CDE-induced innate neutrophilic inflammation. Compared to WT mice, a single CDE challenge (CDE singlechallenge model, Figure S1A ) in Tlr4KO elicited 50% less innate neutrophil recruitment ( Figure 1A ). These data implied that a second TLR also participates in CDE-induced innate neutrophil recruitment; we hypothesized that TLR2 may be involved in this CDE-induced innate response. We tested this hypothesis; compared to WT mice, a CDE single-challenge model in Tlr2KO mice elicited 50% less innate neutrophil recruitment ( Figure 1B ).
Together these data indicate that CDE-mediated innate neutrophil recruitment is dependent on both TLR2 and TLR4. Since the common adaptor shared by TLR2 and TLR4 is MyD88, we hypothesized that MyD88 might comprehensively regulate CDEinduced innate neutrophil recruitment. Consistent with our hypothesis, a CDE single-challenge model in Myd88KO mice failed to induce any innate neutrophil recruitment ( Figure 1C ). By contrast, a CDE single challenge in TrifKO mice stimulated CDE-induced innate neutrophil recruitment ( Figure 1C ). The small molecule MyD88 inhibitor T6167923 disrupts MyD88 signalling by inhibiting homodimer formation 27 and protects mice against lethal staphylococcal enterotoxin B-induced toxic shock. 27 Administration of this MyD88 inhibitor to WT mice before CDE single-challenge model ( Figure S1B ) attenuated CDE-induced innate neutrophil recruitment ( Figure 1D ). We have previously reported that a single RWPE challenge in mice increases TLR4-dependent lung Cxcl1/2 mRNA expression and secretion of CXCL1 and CXCL2 in BALF, which stimulates CXCR2-dependent innate neutrophilic inflammation. 9 Similar to this effect of RWPE, 9 challenging naïve mice with CDE increased Myd88-dependent lung Cxcl1 and Cxcl2 mRNA expression ( Figure 1E ), and secretion of CXCL1 and CXCL2 in BALF (Figure 1F ). We recently reported that a single CDE challenge in mice increases TLR4-dependent cell-free BALF concentration of oxidized glutathione (GSSG). 11 Likewise, a CDE single-challenge challenge in WT mice increased cell-free BALF concentration of GSSG 16 hours after challenge ( Figure 1G ). This increase in BALF levels of GSSG was not observed in Myd88KO mice. Taken together with our earlier reports, 9-11 these results indicate that MyD88 is the critical TLR adaptor that mediates CDE-induced innate neutrophilic inflammation and oxidative stress.
Building on the observation that CDE utilizes a shared MyD88 pathway for inducing innate inflammation and oxidative stress, we focused our efforts on CDE as a model allergen for additional mechanistic studies on the role of Myd88-dependent gene expression and DNA base lesion studies. We performed qPCR arrays for lung mRNAs of 84 innate immune response genes (Table S1) Figure 2D ; Figure S2A ), but not Ifnb1 ( Figure 2D ). These data suggest one or more of these 12 genes may contribute to CDEinduced innate inflammation. Figure 3A) . By contrast, a CDE challenge in Myd88KO mice failed to decrease the levels of these base lesions ( Figure 3A ).
| 5-OH-Cyt challenge induces innate lung inflammation
Because exposure of the lungs of WT mice to 8-oxoGua stimulates innate neutrophilic inflammation, 5 we hypothesized that excised DNA base lesions observed in the present study may also stimulate innate neutrophilic inflammation. To test our hypothesis, we 
| CDE requires MyD88 to induce allergic airway inflammation
Building on our observations that MyD88 regulates CDE-induced innate mRNA expression and neutrophil recruitment, taken together with earlier reports that innate neutrophil recruitment facilitates allergic inflammation, 8, 9 we hypothesized that MyD88 should We next utilized CDE as a model allergen to identify allergy genes modulated by CDE multiple-challenge model ( Figure S1C ).
After the sixth challenge ( Figure S1C ), lung mRNA expression of 84 allergy and asthma-associated genes (Table S1 ) was quantified at different time-points and subjected to hierarchical clustering analysis. Retnlg, Stat5a, and Tgfb1 ( Figure 5D , Figure S2C ). These data suggest that one or more these 20 genes contribute to MyD88-dependent allergic sensitization/inflammation.
| 5-OH-Cyt facilitates CDE-induced allergic airway inflammation
Building on the observation that a single challenge with 5-OH-Cyt stimulates neutrophil recruitment ( Figure 3B ) and the expression of 
| DISCUSSION
We recently reported that stimulation of TLR4 innate receptor RWPE and CDE induces rapid oxidative stress and DNA damage in airways. 11 Here, we extend these observations by demonstrating for the first time that a single challenge with an allergenic extract and secretion of Th2 cytokines into the BALF in an OVA-induced allergic asthma model. 40 Mice lacking Mmp9 demonstrate less secretion of CCL17 and decreased allergic airway inflammation and sensitization. 41 In human subjects, IL17 levels correlate with the severity of asthma, 42, 43 IL17a enhances neutrophil recruitment through CXCR2 signalling and exacerbates airway hyperresponsiveness in mouse airway inflammation. 44 Taken together with our results, these reports suggest that Myd88-dependent upregulation in Ccl17, Mmp9, 
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